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Abstract 
For the first time, chloride ions are measured wirelessly in concrete. The half-cell potential of a silver/silver chloride (Ag/AgCl) 
electrode, which corresponds to the concentration of chloride ions, is measured wirelessly. Wireless communication is achieved 
by an inductive coupling (reflected-impedance) between the coils of the sensor and the readout. The resonance frequency of the 
sensor coil changes due to the change in the capacitance of a varactor element connected to the Ag/AgCl electrode. The 
capacitance of the varactor increases with the increase in chloride ion concentration (20 pF/decade). Furthermore, the capacitance 
can be reliability measured up to a distance of 35 mm between sensor and readout coil. No battery is needed to power the sensor 
terminal, which makes it feasible to embed it in concrete structures.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
Keywords: Passive wireless monitoring; electromagnetic coupling; resonance frequency; chloride ions; concrete structure; potentiometry 
1. Introduction 
The ingress of chloride in concrete is one of the major causes of deterioration of concrete structures [1]. 
Therefore measuring chloride ion concentration in concrete is inevitable to predict its service life and maintenance 
cycle. Currently, Clˉ ion concentration is measured by the well-known potentiometric method using a Ag/AgCl 
chloride ion selective electrode [2]. Chloride is extracted by destructive sampling of concrete which gives an 
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unreliable intermittent measurement. For reliable and continuous measurement, the sensor (Ag/AgCl electrode) 
should be embedded inside concrete and its half-cell potential should be measured wirelessly. 
The well-established passive-wireless communication (i.e. without external power source) by electromagnetic 
coupling can be used for such application [3]. In this technique the changing impedance of a sensor coil is reflected 
on a nearby readout coil changing its impedance characteristics. If an electrical element, which impedance is a 
function of the OCP of the Ag/AgCl electrode, is introduced in the sensor circuit the readout coil impedance can be 
correlated to the [Clˉ]. We propose a near-field-inductive coupling (NFC) of sensor and readout coils for wireless 
monitoring of the half-cell potential of the Ag/AgCl electrode. The schematic of the approach is shown in fig. 1a. 
The sensor coil is connected to an LC-network with a characteristics resonance frequency. There is a variable 
capacitance (varactor) element in the LC network. Varactors are diodes operated in a reverse-biased state [4] and its 
capacitance is inversely proportional to the applied (bias) voltage. The Ag/AgCl electrode is connected to this 
varactor such that the half-cell potential determines the bias potential. The change in Clˉ ion concentration (changing 
the OCP) leads to a change in the capacitance of the varactor. Consequently, the resonance frequency of the LC-
network changes which is sensed by the readout coil. This approach is inspired by the AquaTag device from 
SensorTag solution B.V, The Netherlands which is a hand held device and is used to measure moisture in 
agricultural soil [5]. 
 
Fig. 1. (a) The schematic of the passive wireless approach for monitoring of the OCP of the Ag/AgCl electrode using impedance matching of the 
sensor and readout coil (b) Measurement setup for Clˉ measurements. The handheld readout device is provided by SensorTag Solutions, The 
Netherlands (www.sensortagsolutions.com/). The Ag/AgCl electrode is immersed in an aqueous solution and its half-cell potential is measured. 
2. Material and methods 
2.1. AquaTag device and adapting it to potentiometric sensor 
AquaTag is a wireless moisture sensor for agricultural applications from SensorTag solution BV, The 
Netherlands. The device consists of two separate modules; readout and sensor unit. According to the manufacturer 
there are two antenna coils on both the sensor and readout unit: receiver and transmitter coils. The schematic of the 
working principle is shown in fig. 2. The receiver of the sensor unit receives two signals frequencies through a 
mixer (2.4 x 2.427 GHz) from the readout unit. The transmitter coils at the sensor unit is an element of an LC-
network which resonates at the received frequency spectrum (near 27 MHz) through the mixer. The LC-network 
consists of a transmitter coil and a capacitance element. The change in the capacitance changes the resonance 
frequency of the LC-network. The readout device is a portable version of an impedance analyzer with limited 
frequency range; it samples five frequencies around 27 MHz received after the mixer. The device can reliably 
measure a capacitance change up to 10 pF around the base capacitance of 180 pF. The measurement setup is shown 
in fig. 1b. 
The sensor unit of the AquaTag device is modified to wirelessly measure the potentiometric sensor, in our case 
the half-cell potential of a Ag/AgCl electrode. The schematic of the modified module is shown in fig. 2. The 
varactor component, which is connected to a Ag/AgCl electrode and a reference electrode, is the capacitance 
varying element in the LC-network. The LC-network at the sensor unit is designed to achieve a total capacitance 
between 180 to 190 pF. The circuit diagram of the modified unit is shown in fig. 1a. The varactor gives a change of 
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10 pF for the corresponding Clˉ concentration range. From here on we will name this sensor unit as m-AquaTag 
(modified AquaTag for potentiometric sensing) unless stated otherwise. 
 
Fig. 2. Schematic of the working principle of the AquaTag device with the modified version m-Aquatag. A Ag/AgCl electrode along with a 
reference electrode is connected to the bias terminal of the varicap, which is resonates the LC-network of transmitter antenna. 
2.2. Chemical and equipment 
The potassium chloride salt (BioXtra, ≥99.0%) is ordered from Sigma-Aldrich, The Netherlands. It is dissolved 
in Milli-Q water to form 1M KCl stock solution. The Ag wire with a 1.5mm diameter (≥99.99% trace metals) is 
coated with a thick layer of Ag/AgCl paste (Code: C2651014P10, from Gwent group, UK). A thick layer of paste is 
chosen such that it has a long lifetime, which will be necessary in the concrete. In this case an approximately 500μm 
thick layer of paste is used. The varactor BB201 was ordered from NXP semiconductors, The Netherlands. The 
potentiometric measurements were performed using a VSP-300 potentiostat from BioLogic Instruments, France. For 
capacitance measurements the Agilent u1733c capacitance bridge is used. The Keithley 2200-72-1 programmable 
power supply is used as a voltage source. Furthermore, the AquaTag readout device from SensorTag Solutions is 
used. 
3. Results and discussion 
3.1. Capacitance measured by m-AquaTag readout 
The Ag/AgCl electrode system is connected to the sensor unit and the electrodes are immersed in the electrolytes 
with varying [Clˉ]. The [Clˉ] is varied from 0.01 to 1 M and the capacitance is measured by the m-AquaTag readout 
unit, as shown in fig. 3a. The corresponding calibration curve (measured by a potentiostat) is also plotted along with 
the measured capacitance. The capacitance measurement is reliable up to 0.2 M [Clˉ] with a linear increase in 
capacitance from 180 to 200 pF for a change in [Clˉ] from 0.01 to 0.2 M, respectively. This is due to the limited 
detection range of m-AquaTag readout; it is designed to measure a change in capacitance of ca.10 pF. The detection 
window of the [Clˉ] in fig. 3a can be adjusted by varying the capacitance of the variable capacitor (trimmer 
capacitor). For higher detection limit the capacitance of variable capacitor should be increase and vice versa. 
3.2. Effect of distance 
The distance between the sensor coil and the readout coil is crucial in passive monitoring. The larger the distance 
from a certain value the higher the attenuation in the impedance matching resulting in data losses. The capacitance 
measurement at various distances between sensor and readout coil is shown in fig. 3b. The [Clˉ] is 25 mM in all 
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measurements. The measurements are repeatable and similar (deviation within 1 pF) up to the distance of 35 mm. 
The measurements are not reliable after 35 mm as evident by a big error bar at 40 and 45 mm. When measuring 
inside concrete the sensor coil should not be place more than 35 mm deep. Section headings 
 
Fig. 3. (a) Relation between the Clˉ concentration and the measured capacitance (at the readout) and the corresponding half-cell potential of 
Ag/AgCl electrode (b) Effect of the distances between the sensor system and readout device on the measured capacitance at the readout. The Clˉ 
concentration is constant at 25 mM for all the data points. 
4. Conclusion 
Wireless communication between sensor and readout unit using electromagnetic coupling (impedance matching) 
can be used to measure the half-cell potential of an electrochemical cell. The half-cell potential of a Ag/AgCl 
electrode corresponds to the Clˉ ion concentration in an electrolyte. The half-cell potential is translated into 
capacitance by using it as a bias potential for a varactor. The capacitance of that varactor is a function of the bias 
potential. This varactor is an element in the LC-network at the transmitter module of the sensor unit. Changing the 
Clˉ ion concentration changes the capacitance and thus the resonance frequency in the LC-network of the 
transmitter. This change in the resonance frequency is reflected on an antenna (in vicinity) by near field coupling. 
Therefore the change in the Clˉ can be measured wirelessly on the readout device. Embedding the sensor unit inside 
concrete gives the in-situ Clˉ ion concentration in concrete. The chloride ion concentrations were measured from 
0.01 to 0.2M. This range is adjustable by adjusting the trimmer capacitor in the sensor system. Experiments showed 
that the distance between the sensor and the readout device can be varied between 0 and 45mm in air. 
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